In general, poxvirus genes that are centrally located in the genome tend to be relatively conserved within members of the Chordopoxvirinae family and encode proteins that perform common essential molecular functions such as replication and virion assembly. Terminally located genes tend to be more variable and express an array of proteins that mediate the biological specificity of infections through mechanisms such as host range restriction and modulation of host antiviral responses (63) . To date, nearly two dozen poxvirus genomes have been fully sequenced or are in the process of being sequenced, and the number of protein families with potential immunomodulatory roles continues to grow rapidly. (More comprehensive information on these genes can be obtained online at www.poxvirus.org.)
So diverse are these genes that no single immunomodulatory ortholog that is common to every poxvirus has ever been identified, a property that points to marked differences in pathogenesis and host tropism among individual viruses. For example, orthopoxviruses such as Cowpox virus (CPV) and Vaccinia virus (VV) express multiple homologs of receptors for tumor necrosis factor (TNF) and interleukin-1␤ (IL-1␤), whereas comparable orthologs are absent from members of the Capripoxvirus, Leporipoxvirus, Suipoxvirus, and Yatapoxvirus genera (9, 64, 82) . Instead, these last families encode related proteins that are predicted to regulate pathways such as major histocompatibility complex (MHC)-restricted antigen presentation, a feature that is shared with many herpesviruses (115) . Other poxviruses also possess apparently unique regulatory genes such as the homologs of Bcl-2, nerve growth factor beta, and tumor growth factor beta, found to date only in fowlpox virus (1) , or the viral FLICE inhibitory proteins (vFLIPs) of molluscum contagiosum virus (MCV) (88) . Despite this variability, all poxviruses target host immune pathways mediated by interferons (IFNs) and chemokines, although individual members intervene at mechanistically distinct steps in these pathways.
Poxvirus immunomodulatory proteins can be operationally divided by function into a trinity of distinct strategic classes, which we will refer to here as virostealth, virotransduction, and viromimicry (70) (Fig. 1) . Virostealth is characterized by masking of the visible signals associated with virus infection, for example, by reducing the capacity of effector leukocytes to recognize and eliminate infected cells. Virotransducers are intracellular viral proteins that inhibit innate antiviral pathways, such as apoptosis, proinflammatory cascades, or the induction of the antiviral state. Virotransducers can also target host signal transduction pathways that influence host range. Viromimicry is exemplified by virokines and viroreceptors, which are virus-encoded proteins that mimic host cytokines or their receptors, respectively. These proteins block extracellular communication signals and promote a protected microenvironment for the virus within normally immuno-exposed tissues. This commentary focuses on a few select examples within each strategy and the reader is referred to other recent reviews for more comprehensive exegeses on this expanding subject (4, 59, 63, 64, 70, 82, 91, 93, 105, 116) .
VIROSTEALTH: SLEEPING WITH THE ENEMY
The participation of innate and educated cytolytic immune cells, especially NK cells and CTLs, is critical for the rapid identification and clearance of virus-infected cells (7) . Thus, both small and large viruses attempt to subvert the non-selfdiscrimination pathway, most commonly by downregulating recognition receptors and/or blocking the presentation of viral antigens to immune cells (72, 115) . The capacity to decrease expression of the class I MHC receptors that normally present endogenous viral antigens to circulating CD8 ϩ CTLs correlates with the extent of systemic spread and replication within diverse tissues. For example, the rabbit-specific pathogen myxoma virus (MV) causes severe systemic infections and induces extensive MHC I depletion, whereas VV only moderately downregulates MHC I expression and, in fact, presents antigens efficiently as a vaccine vector (63, 70) .
Although receptor downregulation can be a secondary effect of other immune evasion strategies such as extracellular blockade of proinflammatory cytokines, at least in the case of MV, loss of MHC I can be attributed to the product of the M153R gene (39) . M153R is expressed as an early protein that contains a leukemia-associated protein (LAP) domain, hence its designation, MV-LAP (39) . Viral proteins with LAP domains have also been identified in herpesviruses (human herpesvirus type 8 and murine gammaherpesvirus 68) (22) and several other poxviruses such as Shope fibroma virus, swinepox virus (SPV), Yaba-like disease virus (YLDV), and lumpy skin disease virus (LSDV) (34) . The MHC I depletion induced by MV infection has been shown to involve increased endosomal and/or lysosomal retention and degradation (116, 117) , a finding that has led to the recent suggestion that M153R activity is linked to the MHC I trafficking pathway (39) . In this model, which is similar to that proposed for the K3 and K5 LAP domain-containing proteins of HHV-8 (22, 54) , M153R is postulated to localize to the endoplasmic reticulum (ER) and to target ␤2-microglobulin-associated MHC I molecules both at the cell surface and in the post-Golgi compartment for retention and degradation in lysosomes (39) .
Rapid downregulation of cell surface CD4, a coreceptor in MHC II-restricted antigen-induced T-cell activation, has also been observed after MV infection of CD4 ϩ T lymphocytes (8) . This phenomenon was shown to be a function of an early viral protein and involved the active targeting of CD4 to lysosomes for degradation and the attendant uncoupling of CD4-mediated signaling events involving the associated kinase p56lck (8) . Recent evidence has indicated that M153R/MV-LAP also mediates MV-induced CD4 downregulation, localizing to endosomes and the trans-Golgi network rather than to the ER and functioning as a membrane-bound ubiquitin ligase (58) . As with HHV-8 K5, the LAP domain of M153R is thought to catalyze the ubiquitination of CD4 and to promote the lysosomal internalization and degradation of the receptor (58) . M153R has also been implicated in the depletion of another cell surface receptor, CD95/Fas ligand, in MV-infected cells (39) , suggesting that this protein may function in downregulating a broad spectrum of cell surface molecules relevant to controlling poxvirus infections.
Although downregulation of host receptors that participate in antigen recognition and presentation has the potential to protect infected cells from the killing activity of CTLs, it should be noted that this strategy also has problematic consequences. For example, loss of MHC I reduces the capacity for infected cells to generate the MHC I-dependent inhibitory signal that prevents killing by NK cells (72, 115) . MCV has been shown to encode an MHC I homolog, MC080R, with the potential to act as a ligand for an inhibitory NK cell receptor (86) . Although MC080R is retained in the ER and the Golgi apparatus and associates with ␤2-microglobulin, its effects on NK cell function remain unclear. The recently published genomes of SPV (2) and YLDV (51) have also revealed proteins with sequence similarity to MHC I domains, suggesting that this strategy may be a fairly common accessory virostealth mechanism.
VIROMIMICRY: VIROKINES AND VIRORECEPTORS
Poxviruses also encode mimics of diverse host immune molecules which are referred to as virokines and viroreceptors. These molecules target specific extracellular pathways by which the host coordinates and regulates early inflammatory responses, particularly at the level of complement, IFNs, proinflammatory cytokines, chemokines, and growth factors. Generally, viroreceptors, which can be either secreted or localized to the surfaces of infected cells, are related to cellular receptors and act by scavenging ligands that promote antiviral immune or inflammatory processes. In contrast, virokines are generally secreted viral proteins that mimic host regulatory molecules such as cytokines, complement regulators, or other sundry humoral inhibitors. The sheer volume of information that addresses these important immune evasion proteins renders a detailed analysis unfeasible within the scope of this review. Thus, we concentrate on only a few selected recent advances.
Viroreceptors. All poxviruses are thought to employ extracellular and/or intracellular mechanisms to disrupt IFN activity, a fact that underscores the integral role of this cytokine family in host antiviral responses (85) . Viral mimics of both IFN-␣/␤ and IFN-␥ receptors (IFN-Rs) represent the most common poxvirus extracellular strategies to evade the antiviral effects of these cytokines (reviewed in reference 92). Poxvirus IFN-Rs usually exhibit limited similarity to the extracellular domains of mammalian IFN-Rs and are thought to competitively prevent IFNs from binding to their native receptors. This sequestration function is likely facilitated by the oligomeric nature of these viral proteins. For example, the functional form of the MV IFN-␥-R is a stable trimer (49), while IFN-␥-Rs from the orthopoxviruses VV, camelpox virus, and CPV have recently been shown to form disulfide-linked homodimers (5) .
IFN-␥ is particularly critical for controlling poxvirus infection (85, 92) , and a role for IFN-␥-R homologs in virus virulence is well-documented (70) . However, the exact nature of this role is complicated by the fact that many poxviral IFN-␥-R homologs interact with multiple immune targets. For example, deletion of the VV IFN-␥-R homolog B8R, which does not bind or inhibit murine IFN-␥ (65), has been reported to either enhance or not affect virulence in mice (99, 101, 108) . In contrast, VV with a deletion of B8R is attenuated in other species such as rabbits (101) , raising questions about whether the target host ligands and biological functions of B8R in infected hosts have been underestimated in the past. Ectromelia virus (EV), an orthopoxvirus that infects mice, has been shown to encode an IFN-␥-R homolog with the unique ability to inhibit murine IFN-␥ (97). In addition, the IFN-␣/␤-R homolog of EV has a greater ability to inhibit human and murine IFN-␣ than does VV B8R (97) . Targeted deletion analyses of these EV IFN viroreceptors may help resolve some of the issues regarding the host roles of these immunomodulators.
Tumor necrosis factor (TNF) (80), and a putative new fifth member from CPV that closely resembles CD30 (73), have been identified in several orthopoxviruses. A related soluble CD30 homolog that blocks IFN-␥ production and inhibits inflammatory responses mediated by Th1, but not Th2, cells has also been identified in EV (81), a virus that contains only a nonfunctional CrmE pseudogene (96) .
Among orthopoxviruses, the distribution and activity of vTNFR-like proteins varies widely with the viral strain. CrmD is absent from most CPV strains and is usually found only in orthopoxviruses that lack CrmB and CrmC (3, 23) . Functional versions of CrmE, which binds TNF from several species but only inhibits human TNF-mediated cytolysis, have been identified in CPV and VV (strain USSR) (77, 80) . Interestingly, some VV strains carry discontinuous and nonfunctional TNFR homologs such as A53R (CrmC) and B28R (CrmB) (41) . However, three VV strains (Lister, USSR, and Evans) exhibit both soluble and cell-associated TNF-binding activities that map to a functional A53R (CrmC) gene product in the Lister and USSR strains and to a dual-activity CrmE-like protein in the USSR strain (3, 77) . The existence of so many viral TNF inhibitor genes, both functional and nonfunctional, suggests the occurrence of multiple discontinuous cycles of TNF-mediated selection events during the evolutionary history of most poxviruses.
Virokines. In addition to exploiting IFN-R mimics, poxviruses also target the IFN pathway indirectly through proteins that scavenge IL-18, a potent inducer of IFN-␥ that regulates cytokine synthesis, control of Th1 and Th2 responses, and activation of cytolytic effector cells (69) . Mammalian IL-18 binding protein (IL-18BP) is a natural antagonist of IL-18 that forms inhibitory complexes which prevent IL-18 from interacting with its receptor (69) . Many poxviruses (MCV, EV, VV, CPV) (17, 98, 113) have been shown to encode functional viral IL-18BPs, while several others (SPV, YLDV, monkeypox virus [MPV], LSDV) are now predicted to encode IL-18BP orthologs. For example, MCV expresses three putative IL-18BPs, designated MC51L, -53L, and -54L, but to date only MC54L has been shown to bind human and murine IL-18 (112, 113) . This association with ligand is a high-affinity interaction involving conserved binding residues and kinetics comparable to VOL. 77, 2003 MINIREVIEW 6095 those of the native IL-18BP of these species (112) . Of note, neither MC51L nor MC53L possesses these conserved residues, nor does restoring them confer IL-18 binding function, suggesting that these proteins interact with other ligands (112) . In vivo studies with mice infected with IL-18BP gene knockout constructs of EV (12) or VV (100) have shown decreased virulence and increased NK cell activity directed against infected cells. Like IFN-␥, chemokines are also pivotal to limiting virus infections by virtue of their capacity to mobilize and activate diverse classes of leukocytes. All poxviruses employ strategies to modulate chemokine activity, including virus-encoded chemokine-binding proteins (CBP), receptor homologs, and ligand mimics (48, 66, 83) . Poxvirus CBPs are classified as either type I (low affinity), of which the dual-function MV IFN-␥-R homolog (M-T7) is the sole member (49), or type II (high affinity), termed CBP-IIs or vCCIs (83) . CBP-IIs specifically target CC chemokines and are considered orphan inhibitors because they lack sequence similarity to all known mammalian proteins (83) . Resolution of the crystal structure of CPV CBP-II confirmed a unique structure featuring a ␤-sandwich topology that distantly resembled the collagen-binding domain of the Staphylococcus aureus adhesin molecule (18) . More recent analyses of the VV 35-kDa CBP-II and the CC chemokine monocyte chemoattractant protein 1 indicate that CBP-IIs function by occluding the G-protein-coupled receptor binding site of the bound chemokine, thereby preventing interaction with the native receptor. The conserved nature of this binding site (10, 16, 84) likely accounts for the multiple-ligand targeting ability of CBP-IIs.
Chemokine ligand mimics have been identified for both MCV (15) and fowlpox virus (1). The MCV chemokine MC148R is a secreted viral version of the IL-11 receptor ␣-locus chemokine (43) that was initially reported to inhibit the activity of both CC and CXC chemokines (25) . However, recent binding data suggest that MCV is a selective antagonist of human CCR8 (56) . MC148R also exhibits the ability to inhibit allograft rejection in transgenic mice (28) , a species in which it lacks any demonstrable chemokine-binding activity, suggesting that it has alternate targets or additional functions that remain to be uncovered.
Several viral mimics of IL-10, a multifunctional cytokine with both immunostimulatory and immunosuppressive effects (32) , have also been identified among poxviruses, including Orf virus (ORFV), YLDV, and LSDV (33, 51, 104) . ORFV IL-10, the only family member characterized to date, is an early protein with biological activity similar to that of ovine IL-10 (33). In vitro, ORFV IL-10 promotes thymocyte proliferation, costimulates mast cell growth, and suppresses macrophage activation (33, 42) , suggesting a role in immune evasion that involves mimicking the suppressive effects of host IL-10 on Th1-mediated responses.
The complement system is an integrated network of cellassociated effector proteins and secreted regulatory proteins that participate in the identification and destruction of invading pathogens as well as the initiation and amplification of inflammatory responses (45) . The prototypical poxviral complement regulatory protein is the VV complement control protein (VCP) (47) . Additional VCP-like orthologs have been detected in other poxviruses such as MPV, variola virus (VarV), and CPV (61, 107) . VCP is a highly stable monomeric secreted protein (94) that inhibits both the classical and alternative complement activation pathways by directly and indirectly promoting the decay of the C3 convertase (46, 79) . VCP has also been shown to interact with cell surface glycosaminoglycans, inhibiting both chemokine-mediated leukocyte migration and antibody binding to MHC I (67, 95) . The closely related smallpox inhibitor of complement enzymes (SPICE) is the most recently characterized VCP homolog (78) . SPICE activity resembles that of VCP, but it is nearly 100-fold more potent at inhibiting human C3 activity (78) , possibly contributing to the highly virulent nature of VarV in humans.
VIROTRANSDUCTION: THE SOUNDS OF SILENCE
The "holy grail" of virus infection is the generation of new progeny virions that can disseminate with minimal interference from the host's defenses. Consequently, poxviruses have developed multiple strategies designed to minimize the deleterious effects of proinflammatory signaling cascades and to create an environment for infected cells that is conducive to productive infection. A central paradigm in each of these strategies is the ability to micromanipulate elements critical to the infected host cell signal transduction machinery, particularly the pathways that activate one of the most ancestral antiviral responses, apoptosis (11) . Thus, the interplay between the virus and cell signaling networks has important consequences for the pathogenic effects of viral infections.
After infection, poxviruses rapidly express proteins that target key regulatory points, such as the caspases, in the apoptotic cascade. These inhibitory viral proteins can be loosely divided by function into those that block caspase activation and those that serve as suicide caspase substrates. MCV encodes two related proteins, MC159L and MC160L, of which the former is thought to be the primary functional apoptosis inhibitor (88) . Both MC159L and -160L are classified as vFLIPs and are related to cellular death effector domain (DED)-containing proteins that bind both caspase-8 and the Fas-associated death domain adaptor molecules (103) . In this manner, they are postulated to prevent both the recruitment of pro-caspase-8 to death receptor complexes at the cell membrane and the initiation of the apoptotic cascade. Recent evidence has shown that the DEDs of MC159L cannot be functionally interchanged with those from other host proteins (35) and that mutations within regions of MC159L other than those within the DED motifs eliminate its antiapoptotic activity (36) . This evidence suggests that MC159L may exert its inhibitory effects by interacting with cellular factors other than its predicted binding partners within the death receptor complex. For example, as has been observed for certain other poxvirus-infected cells (71) , MCV MC159L prevents the activation of NF-B (38), a critical intermediate in the signaling pathways of proinflammatory cytokines like TNF and IFN.
Poxviruses also encode intracellular serpins with antiapoptotic properties. The CPV serpin, CrmA, is a versatile apoptosis inhibitor that has the potential to target both intrinsic and extrinsic apoptotic pathways (76) . By virtue of its ability to inhibit the serine protease granzyme B, CrmA protects cells from perforin-dependent apoptosis induced by CTLs and NK cells (74) . In addition, CrmA is the prototypical poxvirus caspase suicide substrate, inhibiting the activity of caspase-8 and -10 and blocking apoptotic pathways that are initiated in response to such stimuli as serum and growth factor deprivation, hypoxia, detachment from the extracellular matrix, or TNF and Fas ligation (13, 40, 102) . This unexpected cross-class caspase inhibition by CrmA is the product of its unique structure (89) . The SPI-2 family of poxvirus serpins also has the potential to inhibit apoptosis, although some SPI-2 orthologs are apparently less effective than CrmA at inhibiting apoptosis. VV SPI-2 has been shown to protect cells from Fas-and TNF-mediated apoptosis (29) , but disruption of this gene has little effect on virulence (44) . In contrast, MV SERP-2 is an important virulence factor in myxomatosis that inhibits both caspase-1 and granzyme B to protect infected lymphoid cells from apoptosis (60) , but it cannot functionally substitute for CrmA (106) .
Mitochondria are also important checkpoints for the coordination of apoptotic signals initiated by cellular stress (20, 109) . The MV M11L protein, an important virulence factor in lymphoid cells (57) , is targeted to the mitochondria, where it inhibits pro-apoptotic changes in mitochondrial integrity such as the loss of inner mitochondrial membrane potential (30) . Recently, M11L was shown to be closely associated with a component of the mitochondrial permeability transition pore, the peripheral benzodiazepine receptor (31) . Related protection of mitochondrial membrane potential has also been observed after infection by VV (110) . Since VV does not encode an obvious M11L ortholog, the identification of the relevant protein is awaited with interest.
The activities of poxvirus antiapoptotic proteins are closely intertwined with strategies that target intracellular elements in the IFN response pathway, including the IFN-inducible enzymes protein kinase R (PKR) and 2Ј,5Ј-oligoadenylate synthetase (OAS) (85) . Both of these enzymes are activated by double-stranded RNA (dsRNA), which is copiously produced during poxviral transcription and known to initiate cascades that inhibit viral protein synthesis or induce apoptosis by activating caspase-8 (37) . The VV E3L and K3L genes express the prototypical poxvirus inhibitors that target these enzymes, while several other poxviruses (MV, YLDV, VarV, Shope fibroma virus, EV, ORFV, SPV) express or are predicted to encode functional homologs of E3L and/or K3L. VV E3L is a dsRNA-binding protein that sequesters dsRNA and prevents activation of PKR and OAS (21, 27) . E3L can also bind directly to PKR to inhibit its activity, thereby preventing the phosphorylation of eukaryotic initiation factor 2␣ (eIF-2␣) and interferon response factors 3 and 7 (IRF-3 and -7) associated with cell cycle arrest (87, 90) . Other activities ascribed to E3L include blocking the gene induction of IFN-␣/␤ (111), reducing adenosine deaminase editing activity (53) , and mediating virus host range (50) . In comparison, the K3L gene product, a structural mimic of the eIF-2␣ subunit, functions as a suicide pseudosubstrate of PKR to competitively inhibit eIF-2␣ phosphorylation (19, 27) . The crystal structures of both K3L (26) and the related M156R of MV (75) have recently been deduced and have revealed significant insights about the relevance of eIF-2␣ viral mimicry.
Elements within IFN pathways other than PKR and OAS, such as transcription factors that transduce the biological effect of IFN-inducible genes, are also subject to manipulation by poxviral proteins. For example, the VV H1L gene encodes a dual-specificity phosphatase that blocks IFN-induced activation of signal transducer and activator of transcription 1 (STAT-1) (68), while MCV, which lacks any obvious orthologs of E3L or K3L, may use MC159L to inhibit IFN-mediated, PKR-induced NF-B activation (38) . As was already shown for IFNs, some poxviruses also encode proteins that disrupt intracellular IL-1 receptor signaling. For example, the products of the VV A46R and A52R genes contain Toll-like/IL-1 receptor domains that enable these proteins to disrupt the IL-1 signaling pathway and inhibit IL-1-induced NF-B activation (14) .
FUTURE PERSPECTIVES
Advances in the field of viral immunomodulation continue to be made with increasing frequency, providing important clues about the selective pressures which drive the coevolution of virus and host. Moreover, our understanding of the mechanisms by which poxviruses modulate key components of the immune system has seen the advent of new avenues of research, most notably the exploitation of viral immunomodulatory proteins for therapeutic use. For example, several poxvirus proteins, including MV SERP-1 (62), M-T7 (52), MCV MC148R (28) , and VCP (6), have been used in animal models to prevent allograft and xenograft transplant rejection. Additionally, SERP-1 and M-T7 have also been used to inhibit adverse inflammatory responses in models of arterial injury following balloon angioplasty (52, 55) . Similarly, the anti-inflammatory properties of VV CBP-II have shown promise in inhibiting bronchospasm and cellular infiltration in models of asthma (24) . It is likely that the list of poxviral immunomodulatory proteins with potential use as therapeutic agents will continue to grow as these proteins are better characterized in vivo and in vitro. 
